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Abstract
The Institute of Nuclear Physics 4(IKP-4) of the Research
Center Jülich (FZJ) is in charge of building and commission-
ing the High Energy Storage Ring (HESR) within the inter-
national Facility for Antiproton and Ion Research (FAIR)
at Darmstadt. Simulations and numerical calculations were
performed to characterize the beam position pickup design
that is currently envisaged for the HESR, i.e. a diagonally cut
cylindrical pickup. The behavior of the electrical equivalent
circuit has been investigated with emphasis on capacitive
cross coupling. Based on our ﬁndings, performance increas-
ing changes to the design were introduced. A prototype of
the BPM pickup was constructed and tested on a dedicated
test bench. Preliminary results are presented. Another pro-
posed design was characterized and put into comparison,
as higher signal levels and higher position sensitivity are
expected. That is a symmetrical straight four-strip geometry.
Additionally an extensive study was conducted to quantify
the eﬀect of manufacturing tolerances. Driven by curiosity
an eight-strip pickup design was considered, which would al-
low for beam size measurements, utilizing the non-linearity.
CAPACITIVE PICKUPS
Capacitive pickups are widely used in particle accelerators
as intensity and position monitors. Being non-destructive
devices these pickups are of great interest especially in ring
accelerators and those where beam may not be lost. Capaci-
tive pickups such as the cylindrical diagonally cut electrodes
facilitate the image current, which is inﬂuenced by the beam
with close resemblance to a perfect current source, as it is
mostly modelled in the equivalent circuit. Its pulse shape
is given by the time derivative of the longitudinal beam
recorded at the pickup location. As a design choice for the
HESR the voltage of an electrode shall reﬂect the longitu-
dinal time structure proportionally. For this case the main
frequency contribution of the signal must lie above the cut-
oﬀ frequency of the RC couple. This is achieved by the high
input impedance of the attached preampliﬁer. The voltage
of a centered beam is [1]:
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With β:=normalized velocity, c:= speed of light, A:= elec-
trode inner surface area and b:= BPM radius. If at least two
opposing electrodes are used, a linear response of the voltage
versus the beam position can be seen in the centre region of
nonlinear BPM such as strip types or buttons. Whereas the
cylindrical diagonally cut BPM oﬀers a linear response in
the entire region. The linear response can be generalized as
the normalized diﬀerence signal. Thus the diﬀerence over
sum ratio is used to describe the linear behaviour [1][2]. For
x and similarly y, with S being the sensitivity:
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To account also for higher order behaviour, ether a lookup
table or use a two-dimensional polynomial can be used. For
x and similarly y:
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Simulation Boundary Conditions and Formalism
An equivalent circuit has been used to model the voltage
response driven by a current source. The circuit evaluation
for these studies was carried out using LTspice IV.
Figure 1: Equivalent circuit of a capacitive four electrode
pickup.
For the case of 4 electrodes there are 10 capacitances,
i.e. four capacitances against ground, which correspond to
Cel in Eq. (1). The remaining ones are interconnecting all
electrodes, all as illustrated in Fig. 1. The capacitances for
the presented results have been determined using COMSOL
Multiphysics 5.0 AC/DC analysis, as it allows for static elec-
tric ﬁeld simulations with ﬁxed and ﬂoating potentials. The
dependence on the beam position is introduced as a geomet-
rical scaling factor, Γ, which would be Δφ/2π, for a centred
beam. It increases for a beam that approaches the electrode.
Δφ is the average angular coverage. The scaling factor can
be determined for any geometry.
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With θ and rBeam pointing at the beam. Eq. (4) has been
derived empirically with the intention to reﬂect the position
dependent inﬂuence, driven by the electrical ﬁeld of the
beam. The integrals can be solved for example for strip
type BPMs with a continuous length and a given angular
coverage, so φ1,2 = ∓
φ0
2
[2].
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The resulting scaling factor Γ can only be used to describe
pencil beams and radially symmetrical beams. For elliptical
beams a Gaussian distribution can be applied. Using this
toolset, response maps of the electrode voltages, diﬀerence
over sum ratios and sensitivity distributions can be obtained
to characterize BPM types and geometries.
Diagonally Cut BPM
The chosen design for HESR BPMs at the current stage
is the cylindrical diagonally cut BPM [3], as it oﬀers high
reliability due to its linear response. It is shown in Fig. 2
Figure 2: Cut view on diagonally cut BPM model, red: elec-
trodes, green: grounded housing, blue: beam pipe.
Using COMSOL, a simpliﬁed model of the BPM with
housing cylinder and surrounding beam pipe has been mod-
eled in accordance with the CAD model. With simulated
capacitances plugged into Eq. (1), the expected output volt-
age was calculated and compared to thermal noise levels.
The beam conditions were taken as: 108 p¯, Tkin = 3GeV
and lbunch = 150m. The initial design has been modiﬁed to
reduce Cel and enhance thereby the signal strength. These
changes were: shortening screws to the mechanically neces-
sary length, widening the feedthrough hole in the housing
cylinder, chamfering edges, removing mechanically unnec-
essary pieces, increasing the cut from 2 mm to 3 mm and
increasing the distance of the electrode to the housing cylin-
der. According to simulation results, these changes lowered
the capacitance against ground by approximately 25%. Re-
garding the capacitances, the latest simulation results are
shown in table 1. Subscripted numbers indicate the location
in Fig. 1.
Given these results and the dimensions of the BPM, the
voltage for a centred beam at each electrode with estimated
capacitances of the feedthrough and preampliﬁer is 275 μV
for the upper and right electrode, and 280 μV for the bottom
and left electrode. The sensitivity in the centre region is
1.36%/mm in both planes. The capacitances against ground
are diﬀerent for electrodes located closer to the centre, which
causes an measured position oﬀset. The cross electrode
Table 1: Simulated Capacitances, Diagonally Cut BPM
Port A Port B CapacitanceAB [pF]
Up or Right GND 17.44
Down or Left GND 16.73
Up1/ Left2 Down1/ Right2 5.84
Up3/ Down4 Left3/ Right4 0.104
Down5 Left5 0.658
Up6 Right6 0.021
capacitances are distributed asymmetrically. This introduces
a slight tilt of the linear response plane, causing crosstalk and
a slightly position dependent sensitivity. The last two eﬀects
can only be seen with high resolution, as for example the
simulation allows. Under measurement conditions these are
mostly negligible. The displacement of the electrical centre
is 0.68mm in x and 0.59mm in y. These are expectancy
values for a ﬂawless BPM.
Comparison of Measurement and Model
A stretched wire test bench has been constructed in the
IKP-4 for characterization tests of BPMs. Two pairs of lin-
ear drive stages translate a wire as beam analogue, through
which a specﬁc pulse is sent. Optical micrometres assure
precise matching of the wire with desired positions. A
fast 16bit ADC PCIe-card reads preampliﬁed voltages from
the electrodes. Data processing is done via a LabVIEW
software. With help of the test bench one was able to
conﬁrm signal level expectations for the BPM and mea-
sure its sensitivity. The test bench measurement yields
a sensitivity of (1.318± 0.003)%/mm in one plane and
(1.330± 0.003)%/mm in the second plane. The electrical
centre was measured at the position 0.21mm vs. 0.94mm.
These results comply well with the expectations. The sys-
tematic diﬀerence in sensitivity and oﬀset can be explained
by manufacturing tolerances. An additional insight will be
obtained soon as precise capacitive measurements of the
pickup are planned.
Strip Type BPM
The capacitive strip type BPM has been investigated for
comparison with expectations of higher signal levels, higher
centre sensitivity, symmetric crosstalk conditions, and a
small oﬀset from the absolute mechanical centre positon.
The capacitances are shown in tab. 2. A model image is
shown in Fig. 3
Table 2: Simulated Capacitances, Strip Type BPM
Port A Port B CapacitanceAB [pF]
Any electrode GND 17.06
Any electrode Port A+180° 0.449
Any electrode Port A±90° 2.211
As one can see, the capacitances for the same geomet-
rical relations are equal. Due to this fact, the unwanted
features of the diagonally cut design are being circumvented.
Space limitations for this geometry are diﬀerent, therefore it
could be longer than the diagonally cut BPM. For a length of
270mm and an angular coverage of 70°, the electrode volt-
age for a centred beam is 390 μV. The expected sensitivity
is 3.59%/mm.
Figure 3: Model image of simpliﬁed strip type BPM, red;
electrodes, blue; beam pipe.
Misalignment Analysis
To show that the strip type design is robust towards me-
chanical misalignments an extensive study has been con-
ducted. About 150 models were created with angular and
translational misalignments in diﬀerent error magnitudes.
Each electrode has been randomly pitched (1.5°), yawed
(1.5°), rolled (4°) and shifted (2 mm) along three axis with
the denoted maximum values in parentheses for the maxi-
mum error case. RMS deviations between ideal positions
and misaligned BPM positions have been calculated. The
RMS deviation scaled according to the error magnitude. If
individual lookup tables are used, it could be shown, that
the misalignments cause less of a disturbing eﬀect than the
non-linearity itself. RMS deviations were small at the centre.
The analysis showed that any compensation method for the
non-linearity would be able to correct for misaligned errors,
too. The used misalignments were exaggerated chosen far
beyond reasonable manufacturing tolerences. Fig. 4 shows
linear projections of an intact and a misaligned BPM, us-
ing the linear approximation (Eq. (2)) and centre sensitivity
value.
Figure 4: Projection plot of ideal and misaligned strip type
BPM.
Disadvantages
Although the strip type BPM outperforms the diagonally
cut BPM as expected with a higher signal strength and higher
sensitivity, the major disadvantage of the strip type BPM
is the non-linear response. So one has to invest into more
sophisticated calculation schemes as in Eq. (3). Due to the
non-linearity, the measured beam position is dependent on
the beam size. An approximate position can still be retrieved
with an error. Despite the cross plane capacitance inﬂuence
the sensitivity map of the diagonally cut BPM is reasonably
ﬂat and can be used for beam position determination. Minor
adjustments to the coeﬃcients, like adding an (position de-
pendent) oﬀset and a crosstalk term, makes the design still
yielding. This BPM shows only little dependency towards
beam size and makes it thereby a more versatile device and
easy to use.
CONCEPT OF BEAM SIZE
MEASUREMENT
The size dependency was studies exclusively with trans-
verse Gaussian distributions. Looking at strip type BPMs, it
can be shown that Eq. (5) holds only true for pencil beams
and beams of equal horizontal and vertical size (i.e. σx=σy).
This is why beam position monitors with linear responses
are more preferred to show no or only a little size depen-
dency. The dependency of non-linear pickups can be used to
determine the beam size in return with an expanded model
and design. For this purpose a simple model of a BPM with
eight electrodes has been developed, where only two elec-
trodes are shifted outwards, one in x (2) and the other in y
(0) direction.
Figure 5: Cross-sectional view on eight strip BPM.
As there are eight electrodes, a speciﬁc conﬁguration can
be chosen, as which some electrodes act as ‘Up’ electrode,
some as ‘Down’ etc. If the coeﬃcient matrix is known,
the beam position from the signals on all electrodes can be
calculated. As implied before the read position is faulty,
if the coeﬃcient matrix has been determined for a pencil
beam. To introduce a size relation, each coeﬃcient can be a
function of beam size in x and y.
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A number of unique conﬁgurations have been found that
would yield stable and reliable coeﬃcient matrices. Each
conﬁguration can be rotated by 45° (i.e. shifting each index
by one), mirrored and ﬂipped. This way, up to 16 versions of
a single conﬁguration are obtained. Labelling each electrode
from 0 to 7 some of these conﬁgurations are shown in table 3,
enumeration is shown in Fig. 5:
Table 3: Examples for Some Conﬁgurations
Up Down Left Right
6,7,0,1 2,3,4,5 4,5,6,7 0,1,2,3
0,7 5,6 0,7 1,2
0,6,7 4,5,6 0,6,7 1,2,3
0,6,7 2,3,4 5,6 1,2
For a given beam that passes through the BPM with a suﬃ-
cient ellipticity, the beam position can be calculated with an
estimated initial beam size (σx=σy= 0 for simplicity). Tak-
ing Eq. (6), each conﬁguration will yield a diﬀering result
from the actual beam position, where those do not necessar-
ily coincide. The standard deviation of the estimated beam
position is in such a case relatively high. As one approaches
the actual beam size the standard deviation decreases and
shows its minimum at that spot. If this procedure is contin-
ued for an entire sweep through all σx and σy combinations,
one can see that certain combinations of sizes induce the
exact same voltage distribution on the electrodes. This can
be seen as a valley of minimum standard deviations in a plot
over all beam sizes. This is shown in Fig. 6.
Figure 6: 2D plot of position standard deviation vs. beam
size. For beam with dimension σx = 4 mm, σy = 1.5 mm.
This implies that certain beam sizes are indistinguishable
from one another. These isolines can be characterized e.g.
for beams with σx > σy as in Eq. (7). With c being the axis
intersect, a and b as ﬁtting coeﬃcients. If two such beam
size monitors are used at locations with zero dispersion, the
spot of common emittance, and therefore the actual beam
size can be found. The beam size monitors should be located,
such that one detects a bigger width in x (Eq. (7)) and the
other in y (Eq. (8)).
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With Eq. (10), the beam size can be found, if the equality
condition is fulﬁlled. This is equivalent to ﬁnding the axis
intersect, d(σy) = 0 in Eq. (11).
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For roughly σx1 > 3σy1 and σy2 > 3σx2 , d(σy1 ) can be
approximated as in Eq. (12). The slope in the linear approxi-
mation of d(σy1 ) is about −1, so the beam size at location
one is equal to e. From the isoline relations (Eq. (7, 8)) and
the emittance relation (Eq. (9)), σx1 , σy2 , and σx2 , as well
as x and y can be calculated.
CONCLUSIONS
The shown analytical studies present a reliable method
for the characterization of BPM geometries. A theoretical
method for a beam size measurement for elliptical beams
and for known size ratios has been presented. The next step
will be to construct and test the device.
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